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Abstract: Optical frequency combs generated from microresonators have the potential to be
fully chip-scale optical frequency combs. In conjunction with the recent advances in fabrication
techniques of high-Q microresonators, there has been progress in the minimization of systems
for the generation of microresonator soliton combs. This progress is highlighted by the co-
integration of a pump continuous-wave (cw) laser with a microresonator, in which self-injection
locking is utilized. Although the use of self-injection locking overcomes the fast thermal dy-
namics of microresonators, the technique does not allow the simultaneous operation of multiple
soliton combs by one pump laser. Here, we demonstrate the generation of a soliton comb by a
compact cw laser (distributed feedback (DFB) laser) without self-injection locking. Because of
the fast scan speed of the DFB laser, a single soliton comb is generated simply by controlling
the injection current of the DFB laser, even if soliton steps have a short lifetime of < 100 ns. In
addition, we measured the influence of the phase noise of the DFB laser on the phase noise of
the soliton comb mode and the timing jitter of the soliton comb, and compared with those of the
soliton comb generated from a low noise cw laser.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Recent advances in fabricating high-Qmicroresonators have enabled the minimization of optical
frequency combs, to the potentially chip-scale, highlighted as microcombs [1, 2]. In particular,
dissipative Kerr microresonator soliton combs (hereafter called soliton combs), which is a mode-
locked state, produce highly coherent optical frequency combs with ultra-short pulse trains [3].
The comb mode spacing of the soliton combs ranges from tens of GHz to THz, allowing easy
access to each comb mode. Large comb mode spacing has been utilized in applications such
as coherent optical communication [4], ultra-fast ranging [5, 6], THz-wave generation [7], and
astrophysical spectrometer calibration [8, 9].
Among the various platforms utilized to generate soliton combs, Si3N4 (SiN) [10–12], AlN
[13], and LiNbO3 [14, 15] have been promising for mass manufacturing because of the CMOS
compatible fabrication process. Very recently, high-Q microresonators made of III-V materials
such as GaP [16] and AlGaAs [17] , have also been demonstrated, potentially providing the
integration of both the microresonator and pump continous-wave (cw) laser onto one chip.
With the development of microresonators based on SiN with Q > 107 [18–20], which requires
< 100 mW pump power for the generation of soliton combs, chip-scale soliton combs have
been generated by butt-coupling a pump cw laser to a microresonator without having optical
amplifiers [21–25]. In these reports, Rayleigh back-scattering from a microresonator is injected
into a pump cw laser, enforcing the oscillation frequency of the pump cw laser to be equal (or
with offset in some cases) to the resonance frequency of the microresonator, when the resonance
frequency is within the injection locking range of the pump cw laser. The self-injection locking
method has two advantages. First, the use of an optical isolator between the pump cw laser
and microresonator can be avoided. Second, the fast thermal dynamics of the microresonator,
which discontinues the soliton states in a short time (e.g. < 100 ns for some microresonators
based on SiN) after the transition from the chaotic to the soliton regime, can be overcome
because of the fast dynamics of self-injection locking, avoiding the conventional requirements
of fast tuning of the pump frequency by a carrier-suppressed single-sideband modulator (CS-
SSB modulator) [12], fast tuning of the resonance frequency by an integrated microheater [11]
and pump power modulation [10], and the utilization of an auxiliary cw laser [26–28]. However,
a recent theoretical and experimental demonstration of self-injection locking shows that the
dynamics of self-injection locking is sensitive to various parameters, e.g., strength and phase
of the backscattering and pump power [24]. In particular, phase adjustment is crucial for
accessing a single soliton state, which may hinder the reliable operation of the soliton combs
in practical situations. In addition, it is very likely difficult for self-injection locking to operate
several soliton combs with one pump cw laser as demonstrated in tandem [29], parallel [30], and
bidirectional configurations [31,32], disabling simple dual-comb systemswithmutual coherence
for dual-comb ranging [5,6], dual-comb spectroscopy [29,33,34], dual-comb imaging [35] and
dual-comb spectrometry [36]. Thus, the generation of soliton combs without self-injection
locking remains necessary.
Conventionally, without self-injection locking, soliton combs are generated with pump cw
lasers based on either a bulky external cavity diode laser (ECDL) (e.g, CTL 1550, Toptica
Photonics) [3, 12–17, 26, 27, 31–33, 35, 36] or a planar waveguide external cavity laser (PW-
ECL) (e.g, RIO, RIO-Optasense Inc.) [11, 29, 30]. To realize a compact soliton comb system,
the bulky ECDL cannot be used. Although PW-ECL can be compact and has a narrow linewidth
(< 10 kHz), the tuning range and speed of the optical frequency are quite limited for the
generation of soliton combs, e.g., < 200 MHz in 0.1 ms for RIO. Therefore, PW-ECL requires
either an integrated microheater on microresonators or a CS-SSB modulator. Furthermore, such
a narrow scan range does not allow soliton-comb-basedhigh-resolution spectroscopy [30,37,38],
recently demonstratedmassively parallel coherent LIDAR [39], and frequency-modulated comb
LIDAR [40]. Another compact pump cw laser is a distributed feedback cw (DFB) laser. At
the expense of the moderately broad linewidth (< 1 MHz) of DFB lasers, their scan range (>
200 GHz) and speed (100 THz/s or even faster in the adiabatic case) are very attractive for the
applications mentioned above, which do not necessarily require a narrow linewidth pump cw
laser. However, there has been no demonstration, to the best of our knowledge, of the generation
of soliton combs from DFB lasers without self-injection locking.
In this letter, we present the generation of a single soliton comb with the use of a DFB laser.
Owing to the fast scan speed of the DFB laser, a single soliton comb can be generated by simply
modulating the injection current of the DFB laser. In addition, we measured the phase noise
of the soliton comb mode and the timing jitter of the soliton comb, compared with the soliton
comb generated from a bulky ECDL (the linewidth of < 10 kHz). Because the phase noise of
the soliton comb mode and timing jitter of the soliton comb generated from the bulky ECDL
are limited by the thermo-reflective noise of the microresonator, the drawback of the DFB laser,
i.e., moderately broad linewidth, is not very critical. In fact, only a slight difference between the
bulky ECDL and the DFB laser is realized when a cutting-edge DFB laser [24] is used, while
the advantages of fast scan speed and large scan range are maintained.
2. Results
2.1. Experimental setup
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Fig. 1. (a) Schematic of the experimental setup to generate a soliton comb. DFB: dis-
tributed feedback laser, EDFA: Er-doped fiber amplifier, OSA: optical spectral analyzer.
(b) Schematic of the experimental setup to measure the phase noise of the soliton comb
mode. AOM: acousto-optic modulator, OBPF: optical bandpass filter. (c) Schematic of the
experimental setup to measure the timing jitter of the soliton comb. (d) Tuning range of
the DFB laser wavelength. (e) RF spectrum of a beat between the DFB laser and an optical
fiber frequency comb. Dotted black curve shows the fitted Lorentz function with an FWHM
of 1 MHz.
The experimental setup is shown in Fig. 1(a). A DFB laser oscillating near 1548 nm was
used as the pump cw laser. The output from the DFB laser is amplified by an Er-doped fiber
amplifier (EDFA) with one forward and two backward pump laser diodes (LDs). The maximum
output from the EDFA is approximately 500 mW. The output from the EDFA is coupled into
a high-Q microresonator based on SiN through a lensed fiber. The free spectral range (FSR)
and Q of the microresonator are approximately 540 GHz and 106, respectively. The output
from the microresonator is split into two outputs. One is used to measure the optical spectrum
of the generated soliton comb. The other is directed to a bandstop filter to reject the residual
of the DFB laser, followed by a 1 × 2 splitter. To measure the time evolution of the power
of the generated comb, one of the two outputs from the bandstop filter is monitored by an
oscilloscope, whereas the other output is used to measure the phase noise of the soliton comb
modes (Lmode,DFB(f)) and timing jitter of the soliton comb (Ljitter,DFB(f)). The wavelength of the
DFB laser is scanned by changing the injection current through an arbitrary frequency generator
to generate a single soliton comb. The details are shown in the next section. Figures 1(b) and
(c) show the experimental designs used to measure Lmode,DFB(f) and Ljitter,DFB(f), respectively.
Lmode,DFB(f) is measured by a delayed self-heterodyne interferometer, which consists of an
imbalanced Mach-Zehnder interferometer (MZI) with an acousto-optic modulator (AOM) in
one arm of the MZI. An optical bandpass filter is installed before photo detection to leave only
one combmode. For themeasurement of Ljitter,DFB(f), a two-wavelengthdelayed self-heterodyne
interferometer (TWDI) [41–43] is used. The TWDI uses two outputs from an imbalanced MZI.
Each output passes an optical bandpass filter, both of which pass through two comb modes at
different wavelengths. By mixing the photo-detected signals, the quantity N2× Ljitter,DFB(f),
where N is the separation of the comb mode number between the two outputs from the optical
bandpass filters, can be measured after calibration, while the carrier envelope offset frequency
of the soliton comb is cancelled. Details of the TWDI are shown in ref [42, 43].
Figure 1(d) shows the tuning range of the wavelength of the DFB laser when the injection
current is changed. The tuning range is approximately 2 nm (250 GHz) without mode-hopping.
This tuning range is sufficiently large to cover one FSR of most of the soliton comb when the
DFB laser is used for comb mode scanning [30, 38]. The linewidth of the DFB laser is also
measured by taking a beat between an optical fiber frequency comb and the DFB laser (Fig.
1(e)), which shows an FWHM of approximately 1 MHz.
2.1.1. Soliton comb generation
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Fig. 2. (a) Control signal for the injection current of the DFB laser. The inset shows the
control signal with a long time span. (b) Change in frequency of the DFB laser with the
control signal. (c) Time evolution of the comb power when the frequency of the DFB laser
is scanned. The blue/green area shows the time when the frequency of the DFB laser is
decreasing/increasing. (d) Optical spectrum of a soliton comb.
To generate a soliton comb, the fast thermal dynamics of the microresonator musts be ad-
dressed. One novel method is to utilize self-injection locking, as explained in the introduction.
Without self-injection locking, either (or both) the frequency of the pump cw laser or the res-
onance frequency of the microresonator must be rapidly controlled. Rapid control has been
demonstrated by CS-SSB [12], pump-power kicking [10], an auxiliary cooling laser [7, 26, 28],
and integrated microheater [11]. Instead of using these methods, we simply modulate the in-
jection current of the DFB laser. Figures 2(a) and (b) show the control signal of the injection
current and frequency change of the DFB laser, respectively. The injection current is increased
from t = 0 to 200 ns, decreasing the frequency of the DFB laser adiabatically. From 200 ns to 750
ns, the injection current remains the same; however, the frequency continues to decrease, owing
to the delayed thermal response of the DFB laser. At 750 ns, the injection current is rapidly
and significantly decreased, causing an increase in the frequency with a slight delay (250 ns). A
soliton step is observed between 1.2 µs and 1.3 µs (Fig. 2(c)), showing the increase of the comb
power. The increase of the comb power is caused by the increase of the resonance frequency,
increasing the detuning. If the optical frequency of the DFB laser starts to increase during the
soliton step, a long lifetime (> 100 µs) soliton comb with a transition to the single soliton state
can be observed (Fig. 2(c)) by following the increase of the resonance frequency. Owing to the
slow thermal response of the microresonator, the frequency of the DFB laser needs to be slightly
increased at 140 µs (inset in Fig. 2(a)). Then, the single soliton comb is maintained for a few
hours without any feedback loops to maintain the detuning. The optical spectrum of the soliton
comb is shown in Fig. 2(d). The comb spacing corresponds to the FSR of the microresonator
with a sech2 envelope, indicating that the soliton comb is a single soliton.
2.1.2. Noise measurements
The phase noise of the soliton comb mode and timing jitter of the soliton comb are measured.
For comparison, a soliton comb is generated from an ECDL.When the ECDL is used, a CS-SSB
as a rapid frequency shifter is inserted between the ECDL and EDFA to generate the soliton
comb, since the scan speed of the ECDL is not fast enough to access a stable soliton comb.
Figure 3(a) shows the phase noise of the DFB laser (LDFB(f)) and ECDL (LECDL(f)), which were
measured by the same setup as Fig. 1(b). LDFB(f) is more than 40 dB worse than LECDL(f) for
a frequency offset of 1 kHz to 1 MHz when the acoustic noise between 1 kHz and 10 kHz is
neglected. Figure 3(b) shows the phase noise of the soliton comb mode generated by the DFB
laser (Lmode,DFB(f)) and ECDL (Lmode,ECDL(f)). Lmode,DFB(f) corresponds to LDFB(f) as shown
in the inset of Fig. 3(b), indicating that the phase noise of the DFB laser is transferred to the
combmode, which is different from the case for the ECDL. Lmode,ECDL(f) is worse than LECDL(f)
by approximately 10 dB at the wide range of the frequency offset. Similar phenomena have
been recently observed for the carrier envelope offset frequency [44] and pump cw laser [45],
concluding that the increase is caused by the thermo-reflective noise of the microresonator.
Because of the thermo-reflective noise, the difference between Lmode,DFB(f) and Lmode,ECDL(f) is
less than the difference betweenLDFB(f) and LECDL(f). Meanwhile, the timing jitter of the soliton
combs is also measured (Ljitter,DFB(f) and Ljitter,ECDL(f) for the soliton combs generated from the
DFB laser and the ECDL, respectively). To measure the timing jitter, the comb modes at 1526
and 1535 nm were used in the TWDI. Figure 3(c) shows Ljitter,DFB(f) and Ljitter,ECDL(f), which
are scaled to the comb mode spacing (540 GHz in this experiment). The difference between the
soliton combs from the DFB laser and the ECDL is even smaller than the difference between
Lmode,DFB(f) and Lmode,ECDL(f). For a frequency offset from 100 Hz to 1 kHz, Ljitter,DFB(f) is
almost the same as Ljitter,ECDL(f). Above a frequency offset of a few kHz, Ljitter,ECDL(f) gradually
deviates from Ljitter,DFB(f). Figure 3(d) shows Lmode,DFB/ECDL(f) - Ljitter,DFB/ECDL(f), defined
as Lcorr,DFB/ECDL(f), which is an indicator of the strength of the correlation between the comb
modes. For the soliton comb generated from the DFB laser, in which Ljitter,DFB(f) is limited
by LDFB(f), Lcorr,DFB(f) is approximately 30 dB. Meanwhile, when Ljitter,ECDL(f) is limited by
Lmode,ECDL(f) (i.e, the thermo-reflective noise limited), Lcorr,ECDL(f) is smaller than Lcorr,DFB(f),
suggesting that thermo-reflective noise is not highly correlated between comb modes. Although
the reason is not yet clear, the thermo-reflective noise may be dispersive because of wavelength-
dependent effective mode volume in microresonators. The thermo-reflective noise depends on
the FSR of the microresonators. In theory, the thermo-reflective noise is inversely proportional
to FSR when a homogeneous microresonator in an infinite heat bath is assumed [46]. However,
a numerical simulation shows that the dependency is less than the ideal case [45], which means
that the phase noise of DFB lasers is not significantly larger than the thermo-reflective noise
even for microresonators with small FSRs.
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Fig. 3. (a) Single sideband (SSB) phase noise power spectrum density (PSD) of the DFB
laser (red) and ECDL (blue). (b) SSB phase noise PSD of the soliton comb mode generated
from the DFB laser (red) and ECDL (blue).The inset shows the excess noise compared
with the pump cw lasers, that is, Lmode,DFB(f) âĂŞ LDFB(f) (red) and Lmode,ECDL(f) âĂŞ
LECDL(f) (blue). (c) SSB phase noise PSD of the timing jitter of the soliton comb generated
from the DFB laser (red) and ECDL (blue). The black curve shows the measurement noise
floor. (d) Correlation strength between the timing jitter and the comb mode defined as
Lmode,DFB(f) âĂŞ Ljitter,DFB(f) (red) and Lmode,ECDL(f) âĂŞ Ljitter,ECDL(f) (blue).
3. Conclusion
In conclusion, we demonstrated the generation of a single soliton comb from a DFB laser
without self-injection locking, in which only the tuning of the injection current is employed
without requiring CS-SSB, power kicking and an auxiliary cooling laser. The phase noise of
the comb mode and timing jitter of the soliton comb were also measured and compared with
those of the soliton comb generated from an ECDL. We found that the DFB laser has a larger
phase noise than the thermo-reflective noise of the microresonator, transferring the phase noise
to the soliton comb mode and timing jitter. However, as the thermo-reflective noise of the
microresonator was not highly correlated across the soliton comb modes, the timing jitter of the
soliton combs generated from the DFB laser was within 20 dB of the soliton combs generated
from the ECDL, while the DFB laser maintains the benefits of a large scan range and fast scan
speed. In addition, when low noise DFB lasers are used, the phase noise of the low noise DFB
lasers can be comparablewith the thermo-reflective noise of themicroresonator. Asmentioned in
the introduction, although the generation of soliton combs without self-injection locking is very
useful for dual-comb techniques with one pump cw laser, an optical isolator is required. Various
studies to integrate optical isolators into photonic circuits, using spatiotemporal modulation
of the reflective index [47], nonlinear effects [48], and magneto-optical materials [49] are in
progress [50]. Once integrated optical isolators are realized, chip-scale soliton comb systems
without self-injection locking could also be generated through the capability of dual-comb
techniques and reproducible operation.
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